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COMPUTER ASSISTED NAVIGATION IN SPINE SURGERY 
SHERWIN AZAD 
ABSTRACT 
Introduction: Computer aided navigation is an important tool which has the 
capability to enhance surgical accuracy, while reducing negative outcomes. 
However, it is a relatively new technology and has not yet been accepted as the 
standard of care in all settings.  
Objectives: The objective of the present study is to present the development 
and current state of technologies in computer aided navigation in Orthopedic 
Spine Surgery, specifically in navigated placement of pedicle screws, to examine 
the clinical need for navigation, it's effect on surgical accuracy and clinical 
outcome and to determine whether the benefits justify the costs, and make 
recommendations for future use and enhancements. 
Conclusion: Computer aided navigation in pedicle screw placement enhances 
accuracy, reduces the probability of negative outcomes, reduces the exposure of 
the patient and staff to radiation, reduces operative time, and provides cost-
savings. Future investigations may potentially enhance this effect further with the 
use of innovative augmented reality type displays.  
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INTRODUCTION 
 
 Successful incorporation of computer assistance may hold the key to 
improving orthopedic productivity to levels necessary to keep up with the growing 
demands for services being made by an increasingly aged population under 
increasing financial strain (Cobb and Andrews 2012). Additionally, computer 
assistance may result in superior accuracy and may reduce both the patient and 
surgeon’s exposure to harmful ionizing radiation as a consequence of necessary 
intra-operative fluoroscopic X-ray imaging  (Kraus et al. 2013, Liebergall et al. 
2003). However, questions remain regarding whether the potential benefits of 
computer assisted orthopedic surgery (CAOS), outweighs the cost, learning 
curve, and risks associated with its use. 
Applications of CAOS include pre-surgical planning, intra-operative 
navigation and alignment, and precision cutting and reaming. Much work has 
been done to document the benefit of CAOS versus conventional techniques. 
One study comparing 40 conventional surgeon guided total knee arthroplasty 
(TKA) procedures to 40 controlled by infrared navigation using the Orthopilot® 
system found optimal implant alignment in 26 cases in the computer navigated 
group versus 12 cases in the control group (p<.01) citing better coronal and 
sagittal orientation of the components (Jenny and Boer 2001). It has been shown 
that ideal positioning of components enhances their lifetime and decreases 
complications (Berend 2004, Stiehl 2010) 
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In addition to increasing accuracy of component placement, computer 
assisted guidance systems offer the possibility to decrease ionizing radiation 
exposures. Percutaneous iliac screw placement to treat unstable ring fractures of 
the pelvis decreases the rate of wound necrosis and infection associated with 
open procedures, however often exposes patients and personnel to a relatively 
high dose of radiation (Zwingmann et al. 2009). In a comparison of 61 
percutaneous iliosacral screw insertions, 35 using conventional fluoroscopic 
technique and 26 using an additional navigation system it was found that the 
radiation exposure with additional navigation was significantly less than that with 
fluoroscopic guidance alone (822 +/- 164 cGy/cm2 vs 1843cGy/cm2 for insertion 
of screws alone, 1021+/-408 cGy/cm2 vs 2814+/- 1099 cGy/Cm2 for patients that 
required additional external fixator, p =.0000001) (Zwingmann et al. 2009). 
Another study of 54 patients with 58 lower extremity fractures which 
examined the placement of the distal interlocking screw under fluoroscopy alone 
versus fluoroscopy with electromagnetic navigation, found that the total 
fluoroscopy time during distal interlocking was 18.29s in the fluoroscopy alone 
group, and 1.62s in the fluoroscopy with electromagnetic navigation group (Uruc 
et al. 2013). 
Although some of the previous studies (Uruc et al. 2013 , Zwingmann et 
al. 2009) noted that total operative time was slightly longer, the most recent data 
indicates that the use of navigation systems can actually save operative time 
overall by reducing the learning curve for procedures (Kraus 2013). Two 
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surgeons each placed 20 k-wires, 10 under fluoroscopic guidance alone and 10 
with additional computer navigation, for a total of 40 k-wires placed in artificial 
proximal femora covered in foam (Kraus 2013). The results were shocking, 
optimal guide wire placement was achieved in the first attempt in 60% of cases in 
the navigated group as compared to 5% for the control group, consequently both 
operative time and radiation exposure were significantly reduced with radiation 
time reduced by over 70% (Figure 1) (Kraus 2013). 
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Figure 1 Intra-Operative Radiation Dose Comparison. Intra-operative 
radiation dose measured in units of cGy/cm^2 received in the navigated group 
was lower than the conventional group (Figure taken from Kraus, 2013). 
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OBJECTIVES 
The potential benefits of CAOS are seemingly vast, with increased 
accuracy of component placement and enhanced surgical precision, less 
radiation exposure for both patient and surgeon, shorter operative times and 
more reproducible results (Stiehl 2010, Uruc et al. 2013, Zwingmann et al. 2009, 
Kraus 2013, Cobb and Andrews 2012). Yet in day to day practice, CAOS has not 
yet been widely embraced by the orthopedic community to the level that may be 
necessary for the ever growing demand (Cobb and Andrews 2012). The purpose 
of the current study is to provide a comprehensive review of computer assistance 
in orthopedic surgery (CAOS) to explore the various avenues by which the 
adoption of CAOS can be increased. 
The first specific aim of the study will be to compile all available data to 
determine what the current evidence states regarding the benefits of CAOS as 
compared to conventional techniques. Further, the study will examine the current 
technologies which form the basis for CAOS, and also prospective technologies 
which are being developed. The study will examine the cost to benefit ratio of 
CAOS, the effect of CAOS on operator learning curve and surgical time, and how 
CAOS can be successfully incorporated into the orthopedic work flow. Finally, the 
study will utilize all of the collected data to propose questions that may remain 
regarding CAOS which require further study, and to make recommendations for 
future applications of CAOS. 
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HISTORY 
Surgery itself has a history that stretches back thousands of years. 
However the story of using tools to more precisely locate an anatomical target 
within the body, known as surgical navigation began much more recently with the 
advent of stereotactic neurosurgical techniques which were pioneered in the first 
stereotactic surgery on a human patient in 1947 by Drs. Edward A. Spiegel and 
Henry T. Wycis (Coffey 2009, Spiegel et al 1952).  Over the next 5 years they 
operated on over 100 patients and continued to perfect their technique to 
calculate an exact position of the electrode based on two principles: (1) 
determination of a reference point by means of an radiograph taken under 
definite standard conditions, and (2) an exact knowledge of the position of the 
area to be destroyed in relation to the reference point (Spiegel et al 1952). They 
performed studies on cadavers with brains fixed in situ as quickly as possible 
after death, where they would attach a stereotactic frame to the skull and pass a 
series of metal rods directly through the skull and brain itself at known distances 
and positions from each other, so that correction could be made for shrinkage as 
a result of fixation and/or freezing of the specimens. They would then section the 
brains and assign coordinates to structures of interest within the brain in order to 
create an atlas. However, they quickly realized the limitations inherent in defining 
a system of coordinates relative to only one point; for example their initial 
reference, the readily identifiable calcification at the center of the pineal gland, 
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could vary by as much as 16mm in the mediolateral plane and 12mm or more in 
the anterolateral point (Coffey 2009). They began a systematic search for 
reference points which were easily identifiable and reliably positioned within the 
human brain relative to important anatomical targets. Their work was pioneering 
in the field of surgical navigation because it established the not only the 
principles of stereotactic surgery, but also the use of cadaveric and post-mortem 
variability studies to determine the accuracy of their system. Future investigators 
would expand on these initial investigations to produce more precise atlases 
based on more advanced planes of reference. 
As technology has progressed we now have the capability to produce high 
quality three dimensional images through the use of magnetic resonance imaging 
(MRI)’s and computed tomography (CT) scanners, and we also have the ability to 
process the data produced by these medical imaging techniques to locate 
anatomical targets during surgery more precisely than ever before. The process 
begins by obtaining a pre-operative image which is stored within a computer as a 
data set which, for a 3-dimensional model for example a CT of the spine, would 
have a numeric value representing the brightness at each point within a typical 
x,y,z coordinate system . By establishing a separate reference coordinate system 
which is representative of the physical reality of the patient in the operating room, 
and then imposing the data from the pre-operative image onto that coordinate 
system, we can come up with a useful navigation image. This process is known 
as registration and it is an important component of any navigation system reliant 
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on preoperative imaging (Table 1) (Tjardes et al. 2010)). In order to understand 
this concept, a useful analogy can be found in modern day GPS (global 
positioning system) navigation systems. Here, the coordinate system which 
represents the physical reality would be the area map, and the data set 
representing the patient’s anatomy would be the route which we are plotting on 
that map. The surgeon’s instruments are marked with optical trackers which 
allow their position relative to the patient’s anatomy to be displayed, similar to 
how the GPS navigation system displays the position of a vehicle (Figure 2). 
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Table 1: Overview of Steps involved in Surgical Navigation. (Adapted from 
Hebecker 2004) 
 
 
3-D Navigation based on 
pre-operative imaging (CT) 
Navigation based on intra-
operative imaging 
Step 1 Image Transfer Tracking 
Step 2 Tracking Referencing 
Step 3 Referencing Image Acquisition and transfer 
Step 4 Registration Navigation 
Step 5 Navigation 
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Figure 2 Image guidance system for navigated hip surgery. There is a 
reference body composed of LED markers rigidly attached to the patient’s body, 
and another set of markers attached to the surgeons tool (Figure taken from 
Jaramaz 2004). 
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Once the pre-operative image is transferred to the system, the next step in 
the process is the tracking of the surgical instruments, and the reference array. In 
order to track the position of the surgical instruments optical tracking systems are 
commonly used. An optical localizer, consisting of two or three CCD (charged 
coupled device) cameras is used to track the position of infrared markers rigidly 
attached to the instrument (Nolte and Langlotz 2004, Tjardes et al. 2010). The 
markers are composed of 3 or more elements which reflect, in a passive system, 
or emit, in an active system, infrared light back towards the CCD detectors (Nolte 
and Langlotz 2004). By determining the position of three or more non-collinear 
points we can establish a coordinate system for that marker, as well as precisely 
determine its position in the coordinate system of the detector. Once this has 
been determined, it is trivial to transform the coordinate data from any of the 
points which are defined in the coordinate system of the tool, for example the 
position of the tip, into position data in the coordinate system of the detector. A 
reference body rigidly attached to the anatomical target, usually to the spinous 
process of the vertebra in question as seen in Figure 3, allows for the position of 
the anatomical target to be established in the same manner. These are the 
tracking and referencing steps (Nolte and Langlotz 2004). 
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Figure 3: Optical Tracking System. An optical localizer consisting of several 
CCD (charged couple device) cameras is used to detect the position of 
IR(infrared) markers rigidly attached to a surgical tool and a vertebra. This allows 
for coordinate data from the local tool coordinate system, T-cos, and the 
anatomical coordinate system, A-cos, to be transformed into position data in the 
cameras coordinate system, C-cos (Figure taken from Nolte and Langlotz 2004) 
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Once this is complete registration can occur via several mechanisms. One 
of these would be pair-point registration, in which three points not on a straight 
line are identified in the preoperative data set and in situ during surgery, allowing 
the data set to be imposed onto the “real” coordinate system. Another 
mechanism of registration would be surface registration, which matches no single 
points but portions of the bony surface to surfaces in the preoperative (Tjardes et 
al 2010) 
A third mechanism of registration, seen in Figure 4, is automated 
registration through the use of an intraoperative fluoroscopic image or series of 
images in conjunction with the placement of a single reference point on the 
spinous process of the vertebra in question (Grzeszczuk et al 2000, Tjardes et al. 
2010) . 
Any of these registration processes requires some element of interaction, 
whether it is manual feature extraction of anatomical features from the data set 
using a computer mouse or intraoperative identification of features using a 
tracked instrument or fluoroscopic imaging. Thus, in order to minimize errors in 
registration which would negatively impact the accuracy of the navigation, it is 
necessary to perform this step carefully, and to validate the result , and then 
useful navigation images seen in Figures 5 and 6 can be obtained (Nolte and 
Langlotz 2004). 
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Figure 4 Three-Dimensional Fluoroscopy. Three-dimensional fluoroscopy 
allows for taking numerous intra-operative images in quick succession from 
different angles. These images can then be merged with pre-operative data from 
a CT or MRI to greatly enhance image quality (Figure taken from Brainlab Spine 
Navigation 2013) 
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APPLICATION 
Computer assisted orthopedic surgery may offer several important 
benefits included increased precision of implant placement, decreased operative 
time and blood loss, as well as decreased radiation exposure for both the patient 
but also for the surgeon and operating room staff. However these benefits must 
be weighed against the acquisition and maintenance costs of such systems, as 
well as other issues surrounding their implementation, to provide a rational basis 
for their use. 
By examining a specific application of computer aided surgical navigation, 
for the placement of pedicle screws in instrumented spinal fusion surgery, it is 
possible to gain a better understanding of the specific need for this technology, 
and how it might be improved upon in the future. Spinal navigation has come to 
be widely adopted; in a survey of 128 German neurosurgical departments in 
2007, 64% of respondents had access to spinal navigation equipment (Schroder 
and Wassman 2014). Yet at the same time, there has been a lack of consensus 
regarding whether or not it should be considered a standard of care; with 98% of 
respondents in that same survey rejecting the notion that insertion of pedicle 
screws without navigation would constitute medical malpractice (Schroder and 
Wassman 2014). 
Spinal fusion is a common procedure in spinal surgery that is used for the 
treatment of many spinal conditions including trauma, tumors, a wide range of 
 18 
deformities including kyphotic and scoliotic disorders, as well as degenerative 
diseases of the spine (Mobbs et al 2011).  Metal screws, usually made of 
titanium, are drilled into the pedicles of adjacent thoracic or lumbar vertebra, and 
are then connected with rods to provide stability and support during the fusion 
process. Pedicles, which can be seen in Figure 7, are the strongest part of the 
vertebra and pedicle screw fixation affords multidimensional control which results 
in an improved fusion rate and affords the greatest degree of deformity correction 
(Rajasekaran et al. 2007, Hicks et al 2010). After fixation, bone tissue and 
synthetic material are grafted into the region to allow for bony ingrowth to “fuse” 
the two adjacent vertebral segments into one solid construct. 
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Proper placement of a pedicle screw can be technically challenging. The 
goal is to place the pedicle screw perfectly within the cortical borders of the 
pedicle and the vertebral body (Stauff 2013). This is complicated enough when 
considering placement of a screw at one vertebral level, however it becomes 
even more difficult when placing screws at multiple levels due to the variations in 
anatomy that occur at different regions of the spine. The lumbar spine presents 
the least challenge due to the large size of the vertebra and historically has been 
the most common target for surgery. In the thoracic and cervical regions there is 
a decrease in size of the pedicle and vertebral body, and a corresponding 
decrease in cord to canal ratio as a result, which makes placement of a screw at 
this levels more difficult and therefore less frequently performed, especially in the 
cervical region (Rajasekeran et al 2007). In one study of 2,905 pedicle 
measurements, the size of the pedicles in the L5 segment were measured to be 
18mm on average in transverse diameter as compared with 4.5mm on average 
the T5 vertebrae (Zindrick et al 1987). 
Additionally, the increased risk of an undesirable outcome presented by 
the decrease in pedicle size has hampered the implementation of pedicle screw 
fixation in adolescent and pediatric populations. Another common target for 
pedicle screw fixation is the first sacral segment (Mirkovic et al 1991). Here the 
large interpedicular distance and desire to place the tip of the screw into the 
 21 
dense bone at the promontory of the segment means that the ideal screw 
placement should have a very medial trajectory. In those patients with large iliac 
crests, commonly men, the ideal path for the screw may be blocked (Kim et al 
2013). 
Errors in pedicle screw placement occur when a portion of the screw 
breaches the cortex of the pedicle which can result in dyesthenesias, neural 
injury, vascular injury, or early implant failure (Manbachi et al 2014) . The extent 
of the breach is usually graded according to the classification by Laine et al, 
(2000) which proposes 4 categories according to the length of threading 
exposed: grade I is 0-2mm, grade 2 2-4mm, grade 3 4-6mm, and grade 4 is more 
than 6mm of exposed screw (Laine et al 2000, Hicks et al 2010). Additionally it is 
necessary to classify breaches as having occurred in directions medial, lateral, 
superior, or inferior to the pedicle, as well as anterior breach of the tip of the 
screw to the pedicle or vertebral body (Laine et al 2000) . 
The potential ramifications of a cortical breach vary depending on the 
pathology being addressed, the regional anatomical considerations, and the 
grade and direction of the breach. Medial breaches are considered to be the 
most clinically significant, because the pedicles form the lateral border of the 
vertebral canals thus pedicles breaches in this direction violate the canal space. 
Intrathecal somatosensory and motor nerve roots follow closely along the 
medial aspect of the pedicle therefore this type of breach carries the highest 
 22 
possibility of neurological damage (Manbach et al 2014, Mirkovic et al 1991) 
Breaches in the anterior and lateral directions pose a risk to vascular structures, 
for example the descending aorta and inferior vena cava which lay directly over 
the anterior surface of the vertebral bodies, as well as their branches and 
tributaries in close proximity to the cord (Manbachi et al 2014). Inferiorly the 
spinal nerves exit the intervertebral foramena directly inferior to the pedicles, and 
afterwards run near to the lateral cortex of the pedicle of the next vertebral body 
(Mirkovic et al 1991). 
Misplacement of a pedicle screw can also have a great effect on the 
primary stability of the screw. A 2013 study by Costa et al. analyzed the pullout 
strength of 88 pedicle screws implanted into the pedicles of porcine lumbar 
vertebral bodies. As seen in Figure 7 pullout strength can be markedly reduced 
with large cortical violation. Additionally the magnitude of the cortical violation is 
dependant on the direction of the breach with those in the inferior and superior 
directions resulting in more significant reduction in pullout strength than breaches 
in the medial and lateral directions (Costa et al 2013). 
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Accuracy 
To increase the accuracy of pedicle screw placement, intraoperative 
navigation is often used for the insertion of pedicle screws.  A 2014 meta-
analysis which compared the accuracy of navigated screw placement to 
conventional screw placement was conducted by Mason et al in 2013. In total, 30 
studies were included in the analysis including 1973 patients in whom 9310 
pedicle screws were inserted. Their findings, seen in figure 8, were that “with 
conventional fluoroscopy, 2532 of 3719 screws were inserted accurately (68.1% 
accuracy); with 2D fluoroscopic navigation, 1031 of 1223 screws were inserted 
accurately (84.3% accuracy); and with 3D fluoroscopic navigation, 4170 of 4368 
screws were inserted accurately (95.5% accuracy)” (Mason et al 2013).  
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A previous meta-analysis from 2010 by Verma et al. examined 23 studies, 
14 of which directly compared navigated to non-navigated controls. There was a 
statistically significant increase in accuracy in screw placement with navigation , 
91.8% (n/N = 1,688/1,838) screws placed correctly,  versus conventional 
techniques, 84.7% (n/N = 2,064/2,437)  (P<.00001). Additionally,   there were 
fewer patients experiencing neurological complications, 0% 0/392 navigated 
versus 2.3% 13/569 non-navigated     (P = .07), although this result did not reach 
the level of statistical significance. (Verma et al. 2010) The data from these 
studies also agrees with previous meta-analyses, reviews, and many other 
studies which show that navigation provides a clear benefit in accuracy 
compared to conventional fluoroscopy (Tjardes et al. 2010, Liu et al 2005, Seller 
et al 2005, Laine et al 2000, Rajasenkaran et al 2007, Ravi et al 2010) 
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Radiation Exposure 
 
 
Radiation exposure is a potential hazard for surgeons and operating staff who 
routinely use fluoroscopy in their practice. There have been reports of increased 
incidence of thyroid carcinoma among orthopedic surgeons (Dewey and Incoll 
1998).  Observed radiation dose rates in pedicle screw insertion surgery have 
been significantly higher than during other orthopedic procedures (Ul Haque et al 
2006). In one observational study, a spinal surgeon’s yearly exposure to radiation 
was projected to be 13.49 milliSieverts of whole body radiation per year (Ul 
Haque et al 2006). Although this does fall under the limits for exposure according 
to the National Council on Radiation Protection’s guideline of 50 milliseiverts of 
whole body radiation per year, this is more than 13 times the exposure of the 
general public. This projection was based on the exposure of a surgeon with 30 
years of experience, a young trainee would likely take longer to perform each 
procedure and thus be exposed to even more radiation.  Additionally, those 
operating staff on the side of the table ipsilateral to the scanner, usually the first 
assist and nursing staff, can receive a dose 25 times greater than the operating 
surgeon (Ul Haque et al 2006). Studies have shown a statistically significant 
association between working as an orthopedic surgeon and increased risk of 
tumours (Mastrangelo et al). Because computer assisted navigation can cut 
down drastically on fluoroscopy time, it can greatly reduce the exposure of the 
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operating staff and surgeon to radiation. In a cadaver study of 48 screws placed, 
24 under conventional fluoroscopic technique and 24 using computer aided 
navigation via three-dimensional fluoroscopy with automatic registration, a 
statistically significant reduction in radiation exposure was found (Smith et al 
2008). The reduction was drastic, mean radiation exposure to the torso was 4.33 
+/- 2.66 mRem with standard fluoroscopy, and 0.33+/- .82 mRem with navigation 
(Smith et al 2008). With the use of three-dimensional fluoroscopy with automatic 
registration, the surgeon and operating staff can stand outside the room or 
behind a protective covering while the scan is performed. Additionally, because 
guidance allows for screws to be placed more accurately and reduces the 
chance of negative outcomes, there will be an even greater reduction in 
exposure because of the reduction in need for revision surgery. 
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COST-BENEFIT ANALYSIS 
Although it can be seen that navigation offers a benefit in terms of increased 
accuracy, it’s adoption has met resistance for several reasons, one of which is 
the high cost of the systems themselves, which can range in the hundreds of 
thousands of dollars (Hodgson 2008). However, by reducing the need for revision 
surgery as well as reducing operating room (OR) time, navigation may provide a 
considerable cost savings. In a prospective case series of 100 patients 
undergoing navigated pedicle screw placement as compared to the previous 
group of 100 patients who had underwent conventional screw placement, a cost 
savings of $71,286 per 100 patients was estimated based on a reduction from a 
revision rate of 3% to 0% with navigation (Watkins et al. 2010). The initial cost of 
the system they used was $475,000, which means they would need to do six 
hundred and sixty six cases before recouping the cost of the machine. In a 
separate study on cost-effectiveness, another hospital group was able to reduce 
their revision rate from 1% to 0%, projecting a cost savings of $17,750 per 100 
patients, and approximately $40 million dollars nationwide (Hodges et al 2012). 
This is a much more modest savings when considering the authors report that 
some modern navigation systems can cost up to $1 million dollars (Hodges et al 
2012). 
Cost savings can also be generated by reducing operative times. One study 
reported a significant (P<.001) decrease in operative time when using image 
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navigation compared to conventional fluoroscopy, with an average of 40 minutes 
less per case (Sasso and Garrido 2007). One minute of time in the operating 
room costs an average of $62 (Macario 2010). At that rate, 40 minutes less time 
per case would generate a savings of approximately $2480, however this 
simplistic analysis does not account for fixed costs, and also assumes that those 
time savings would be filled with additional cases. Additionally, it should be noted 
that in the first year of adoption, there may actually be an increase in time per 
case due to the learning curve of the new system (Sasso and Garrido 2007). 
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FUTURE DIRECTION 
Although both the software and hardware of modern day navigation systems has 
improved dramatically over the years, there has yet to be a substantial change in 
the way that the image data is utilized by the surgeons because the data is still 
displayed on a 2D monitor. By displaying the image data in a different manner, 
there is a chance to increase the effectiveness of the navigation system, without 
dramatically increasing the costs. To illustrate this point it is useful to revisit the 
earlier example of the GPS navigation system. Imagine if, in order to use your 
car’s GPS system, you had to type on a keyboard in the passenger seat, and 
have the data displayed on the roof of your vehicle. This would necessarily be 
burdensome and limit the utility of the system overall. Because you need to keep 
your hands on the wheel, you would need a second person to operate the GPS 
system, and even then you would need to remove your eyes from the road to 
look at the navigation monitor. Clearly, your car's navigation system would be 
much more efficient if it could display information in your field of view, and ideally 
even take voice activated direction; and both of these are standard features of 
modern navigation systems. 
Abe et al. in 2011 performed a study comparing the use of a simple visual 
guide to conventional fluoroscopy. Rather than use a tracking and navigation 
system, the proximity of the device to the anatomy allows the surgeon to view the 
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imaging without moving his head from the field of view, and thus he can place the 
screw more accurately than under fluoroscopy alone. In the study performed by 
Abe et al. they found an incidence of malpositioning in 23/199 (11.6%)  screws 
which were placed with a conventional fluoroscopic guidance technique versus 
9/198 (4.5%) screws placed with the 3D visual guidance technique (p=0.017) 
(Abe et al 2011). However, as can be seen in the Figure 10, the Ipad® still has 
limited utility because it requires a set of hands to operate, and isn't fully in the 
field of view.   
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Figure 12 Ipad® Display In this simple setup, a pre-operative CT scan is taken 
of the patient’s spine, marked up using preoperative planning software, and 
displayed on a portable display (Figure taken from Abe et al 2011)  
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One solution which seeks to utilize pre-operative imaging and surgical navigation 
by uniquely displaying the information on the target tissue itself, is that of 
augmented reality overlay projection. Seen in Figure 11, CT data is used to 
compile a 3D image of the vascular structure of the liver, as well as the targeted 
tumor, and is projected directly onto the surface of the liver using a specialized 
RGB laser (Gavaghan et al 2012) Additionally, a green “target” is imposed which 
will stay green if the ablation tool is lined up properly, or will otherwise turn red. 
This system could prove useful however, it does have its own complications. 
Projecting onto the surface of a porcine liver is one thing, but projecting into a 
body cavity, onto a very uneven surface such as that of the spinal anatomy, 
could prove very challenging. Additionally, it is necessary to compensate for the 
parallax error that would arise from the surgeons viewing angle. Overcoming 
these hurdles would no doubt add to the expense of the system, further limiting 
its utility.  
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In order to solve these issues without adding undue expense, Google 
Glass®, or a similar type of display, could be considered for surgical navigation 
applications. Google Glass® is a wearable display that also incorporates voice 
control, a speaker, and a high definition video camera. It has recently found its 
way into the healthcare setting, with hopes that it will allow doctors to multitask, 
for example interview their patient face to face, while at the same time reviewing 
their labs or imaging. In the operating room, it has been used for telementoring 
because it can be used to shoot hands free video while the surgeon operates 
and narrates the procedure, to teach physicians at remote locations (Muensterer 
2014). It is comparatively cheap, with a current price of $1500 USD. Although 
there would certainly be some cost involved in developing the applications, these 
would likely be outweighed by the reduced need for ancillary staff in the 
operating room due to the hands-free nature of the device. Because it is worn 
rigidly on the head, there is no need to correct for parallax error and it also 
eliminates the pitfalls of projecting onto an uneven surface.  
Recently, Glass® has been Dr. Brion Benninger to view ultrasound 
images, obtained using a fingertip-worn ultrasound probe during physical 
examination (Benninger 2014). This serves as an extremely useful proof of 
concept for several reasons. Ultrasound images are typically stored in the same 
DICOM (Digital Imaging and Communications in Medicine) file format, and 
viewed using a PACS (picture archiving and communication system) viewer. 
Because data from CT, MRI, and X-ray examinations are all stored and viewed 
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using the same file formats and viewers, it is likely that Glass® would be able to 
display these file formats as well. Additionally, he has demonstrated the ability for 
this device to display these types of images acquired in real time, a property 
which would hopefully carry over to the ability to display a useful navigation 
image with a tool tracked in real time (Benninger 2014). 
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Figure 14 Components of a Google Glass® . The Google Glass® device has a 
small screen which allows it to display images in the surgeons field of view 
unobtrusively. Additionally it is equipped with a high definition camera and a 
speaker which enable telementoring and a microphone which allows for hands-
free voice control (Figure taken from Muensterer et al 2014) 
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CONCLUSIONS 
 
Surgical navigation is rapidly evolving and it is now possible to combine 
advanced 3-D pre-operative imaging with intra-operative imaging and optical 
tracking to provide surgeons with real time navigation that allows them to operate 
with greater accuracy than ever before. By improving accuracy, navigation 
decreases the likelihood of negative outcomes, reduces radiation exposure to 
both the patient and staff, decreases OR time, and produces cost savings. As 
such, in the field of spine surgery, specifically in the placement of pedicle screws 
for spinal fusion, navigation should be utilized whenever possible. As technology 
continues to advance, opportunities abound for innovation to make surgical 
navigation a more effective and more widely adopted tool by lowering costs, and 
increasing utility.  
 
To date, great progress has been made in developing new innovative medical 
imaging devices for acquiring data. Similarly, data processing techniques for 
integrating that data into a useful navigation tool have become well adopted. 
However, the way that the final result, the navigation display is presented, has 
yet to change substantially over many years. If augmented reality devices such 
as Google Glass® could be used to display navigation data, they would be a 
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substantial advancement over current technologies because they allow for hands 
free operation while maintaining the surgeon's vision in the surgical field, allowing 
for the data to be accessed more readily and therefore enhancing its utility. 
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